Coronary artery disease is the major cause of death worldwide. Hypertension is a major risk factor for developing coronary disease. It is now recognized that endothelial dysfunction is an early marker of coronary artery disease before structural changes to the vessel wall are apparent on angiography or intravascular ultrasound and that it has a prognostic value in predicting cardiovascular events in hypertensive patients. This review addresses recent developments in hypertension-induced endothelial dysfunction.
Introduction
The endothelium is the largest organ in the body. As a regulator of vascular homeostasis, the endothelium maintains a balance between vasodilation and vasoconstriction, inhibition and stimulation of smooth muscle cell proliferation and migration, inhibition of platelet activation, adhesion and aggregation, thrombogenesis and fibrinolysis [1] . Essential hypertension was first recognized to cause endothelial dysfunction (ED) early in the last decade [2] . Endothelial dysfunction is now known to play an important role in the pathogenesis of atherosclerosis and is an early marker of vascular damage before structural changes to the vessel wall become apparent on angiography or by intravascular ultrasound [3] .
Hypertension and endothelial dysfunction
It is now recognized that ED occurs in hypertension irrespective of whether the etiology is primary essential hypertension or whether the hypertension is secondary to endocrine or renal etiological factors [4] .
Hypertension has a direct influence on vascular function independent of other cardiovascular risk factors. Ward et al.
[5] assessed 24-hr ambulatory blood pressure (BP) and brachial artery endothelial and smooth muscle function in patients with hypertension and normotensive controls. Twenty-four-hour ambulatory systolic BP was significantly inversely related to flow-mediated responses. Both systolic and diastolic BP were significantly inversely related to the nitroglycerine response, and the relationships were largely unaltered after further adjustment for body mass index, antihypertensive treatment or the presence of other risk factors.
Endothelial dysfunction does not seem to occur in middle-aged white coat hypertensive patients without other cardiovascular risk factors [6] . The left ventricular hypertrophy associated with hypertension has an additional negative effect on endothelial function in hypertensive patients [7] . In a LIFE substudy [8], hypertensive patients with electrocardiographic left ventricular hypertrophy without coronary artery disease had impaired vasodilatory function in the coronary and noncoronary circulation.
Exaggerated exercise BP has been related to ED. Stewart et al. [9 • ] examined the relation of endothelial vasodilator function and exercise BP in men and women aged 55 to 75 years, with untreated high normal BP or mild hypertension, who were otherwise healthy. Exercise was performed on a treadmill and endothelial vasodilator function was assessed as brachial artery flow-mediated vasodilation (FMD). The FMD was the only independent correlate of the difference between resting and maximal pulse pressure among both men and women. This suggests that ED may be a mechanism contributing to exercise hypertension.
Aldosterone may cause ED in patients with resistant hypertension independent of high BP. Nishizaka et al.
[10 • ] demonstrated that brachial artery FMD was negatively and significantly correlated with plasma aldosterone, but was independent of BP, age, and body mass index in 80 consecutive subjects with resistant hypertension. In 30 subjects, 3 months of treatment with spironolactone significantly increased FMD independently of the BP change. These data demonstrate a strong association between aldosterone excess and impaired endothelial function in human subjects.
Pathophysiology of endothelial dysfunction
The endothelium is a major regulator of homeostasis and exerts a number of vasoprotective effects such as vasodilation, inhibition of inflammatory responses and suppression of smooth muscle cell growth. Dysfunction of the endothelium thus causes reduction or abolition of these vasoprotective effects. Factors that lead to reduction of vasodilation in ED include a reduction in nitric oxide (NO) production, increased oxidative stress, a decrease in NO bioavailability, and a reduction of hyperpolarizing factor. Inflammatory responses are initiated in ED by up-regulation of adhesion molecules, generation of chemokines and production of plasminogen activator inhibitor-1, and these also lead to a prothrombotic state. Levels of asymmetric dimethylarginine, vasoconstrictor peptides such as angiotensin and endothelin-1, and hypercholesterolemia and hyperglycemia all contribute to mechanisms of ED. Full discussion of the pathophysiologic mechanisms of ED is complex and outside the scope of this review. We hereby focus on some of these factors.
Nitric oxide
Vascular tone is maintained by release of numerous dilator and constrictor substances [3], nitric oxide (NO) being the major vasodilative substance. The hallmark of ED is impaired endothelium-dependent vasodilation. NO is formed by endothelial cells from L-arginine via the enzymatic action of endothelial NO synthase (eNOS), which is located in caveolae. The protein caveolin-1 binds to calmodulin to inhibit activity of eNOS. The binding of calcium to calmodulin displaces caveolin-1, activating eNOS and leading to production of NO, which diffuses to vascular smooth muscle and causes relaxation by activating guanylate cyclase, thereby increasing cyclic guanosine monophosphate.
Cyclosporin-A-induced ED and hypertension has recently been suggested to be caused by decreasing cholesterol content in caveolae by cyclosporin. Lungu et al.
[11 • ] demonstrated that exposure of cultured bovine aortic endothelial cells to 1 mM cyclosporin for 1 hr significantly decreased cholesterol content in caveolae and displaced eNOS from caveolae. Treating bovine aortic endothelial cells for 24 hours with 30 mg/ml cholesterol blocked the cyclosporin effect and restored eNOS phosphorylation in response to flow.
Sindhu et al. [12] documented that chronic renal failure (CRF) induces changes in caveolin-1, soluble guanylate cyclase, and Akt expression, three proteins important in regulating eNOS functionality. CRF was induced in Sprague-Dawley rats via 5/6 nephrectomy. After 6 weeks there was elevation in BP and plasma creatinine with increase in caveolin-1 in aortic, liver, and renal tissues, a reduction in urinary cyclic guanosine monophosphate levels indicative of guanylate cyclase dysfunction, and a depression of Akt abundance in aorta, heart, and liver tissues. Thus, CRF contributes to hypertension and changes in NO bioactivity.
Oxidative stress
Healthy vascular endothelial cells metabolize oxygen and generate potentially deleterious reactive oxygen species. Normally, the rate and magnitude of oxidant formation is balanced by the rate of oxygen elimination [13 • ,14] . In ED, the imbalance between prooxidants and antioxidants results in oxidative stress, which is the pathogenic outcome of oxidant overproduction that exceeds the cellular antioxidant capacity. Increased reactive oxygen species production has been demonstrated in patients with essential, malignant and renovascular hypertension [15, 16] . Reduced antioxidant activity also contributes to oxidative stress [17] .
Chronic kidney disease is associated with oxidative stress independent of hypertension. Agarwal et al. [18 • ] assessed the role of hypertension in causing increased oxidative stress in patients with CRF. They found that plasma level of malondialdehyde, a marker of oxidative stress, is higher in patients with CRF compared with those with essential hypertension without concomitant kidney disease despite similar BP, and thus nonhemodynamic factors such as inflammation and altered cellular redox state may play a greater role in the generation of oxidative stress in this patient population.
Antihypertensive treatment seems to improve the increased oxidative stress and the decreased antioxidant mechanisms, and the beneficial effect of treatment seems to increase over time. Saez et al. [19] nonrandomly allocated different antihypertensive treatments to hypertensive patients with a mean age of 46 years. After 3 months of nonpharmacologic, b-blocker, or angiotensin receptor blocker treatment, oxidized/reduced glutathione ratio and malondialdehyde were significantly reduced, and this was further reduced after 12 months in a subgroup of patients. Yasunari et al. [20] demonstrated that both carvedilol and propranolol reduced oxidative stress in patients with essential hypertension, although the effect was greater with carvedilol. Napoli et al. [21] demonstrated that treatment with the sulfhydryl angiotensin-converting enzyme inhibitor zofenopril induced sustained reduction of systemic oxidative stress and improved the NO pathway in patients with essential hypertension.
Asymmetric dimethylarginine
Asymmetric dimethylarginine (ADMA) is an endogenous competitive inhibitor of NO synthase and has been shown to be increased in patients with hypertension [22] . A strong correlation between increased ADMA blood levels and impaired endothelial-dependent vasodilation, and cardiovascular morbidity and mortality has been documented in different populations [23] .
In a study of essential hypertension patients without coronary artery disease or diabetes mellitus, Takiuchi et al. [24] demonstrated that increased plasma ADMA concentration appears to play a major role in ED, independent of insulin resistance or left ventricular hypertrophy. Seventyfive patients underwent measurements of coronary flow reserve and brachial artery endothelial-dependent vasodilation. A plasma ADMA assay and a 75-g oral glucose tolerance test were also performed. A significant correlation was found between coronary flow reserve and the brachial artery vasodilation, and both were significantly correlated with age and plasma ADMA concentration, but were not correlated with insulin resistance, plasma insulin, or left ventricular mass. Multiple regression analysis revealed that ADMA was the only statistically independent parameter associated with coronary flow reserve and the brachial artery vasodilation. 
Angiotensin II
The vasoconstrictor peptide angiotensin II is a recognized factor in the development of hypertension. ED induces angiotensin II expression [26] . Animal studies have shown that infusion of angiotensin II causes vascular inflammation [27] and ED [28] . Angiotensin II levels are increased in atherosclerosis and increased angiotensin II amplifies atherosclerosis by modulating individual risk factors as well as by directly affecting lipid metabolism, the vascular response to lipid accumulation, and plaque stability [29] .
Zhou et al. [30] investigated the effect of a calcium channel blocker (amlodipine) on vascular oxidative stress and endothelial function in angiotensin II-infused rats. Systolic BP, oxidative stress, and ED were significantly reduced with amlodipine treatment. Recently, da Chuna et al. [31] demonstrated that the angiotensin-converting enzyme inhibitor enalapril attenuated atherosclerosis and vascular inflammation induced by angiotensin II infusion in apolipoprotein E-deficient mice.
20-Hydroxyeicosatetraenoic acid
20-Hydroxyeicosatetraenoic acid (20-HETE) is a cytochrome P450 metabolite of arachidonic acid with vasoconstrictor activity that may be involved in the pathogenesis of hypertension. In humans, there are few data relating 20-HETE to vascular pathophysiology. In a study of 66 subjects, including 29 with essential hypertension, Ward et al.
[32 •• ] demonstrated that 20-HETE is an independent predictor of endothelium-dependent vasodilation after adjustment for age, body mass index, and BP. In an analysis by gender, they revealed that in women, hypertensive subjects had significantly higher 20-HETE excretion than normotensive subjects, but this was not seen in men. This is the first demonstration of an association between 20-HETE excretion and in-vivo vascular function in humans.
Prognosis of endothelial dysfunction
Because ED is an early marker before structural changes to the vessel wall become apparent on angiography or by intravascular ultrasound [3], it is not surprising that ED has prognostic value in predicting cardiovascular events in hypertensive patients [33, 34] . ED in the coronary resistance and conductance vessels clearly predicts both hard and soft outcomes, as does ED in the brachial artery [33] .
During a 31.5-month mean follow-up period involving 225 untreated hypertensive patients (aged 35 to 54 years) with forearm ED assessed by acetylcholine testing, Perticone et al. [34] demonstrated that ED is a marker of future cardiovascular events in this patient population. Patients were divided into terciles on the basis of their increase in acetylcholine-stimulated forearm blood flow. During follow-up, there were 29 major adverse events at the cardiac (n = 19), cerebrovascular (n = 9), or peripheral vascular (n = 1) level. The excess risk associated with a forearm blood flow increase in the first tercile (lowest increase) was significant after controlling for individual risk markers, including 24-hr ambulatory BP. The same group has recently investigated the relation between forearm ED and renal function in 500 patients with uncomplicated, never-treated, essential hypertension and serum creatinine within the normal range, and they demonstrated that an impaired vasodilatory response was associated with renal function loss in patients with essential hypertension [35 • ].
Multiple studies demonstrated the prognostic significance of coronary ED in predicting cardiovascular outcomes [36, 37] . Bugiardini et al. [38 •• ] have recently demonstrated that chest pain in women with angiographically normal coronary arteries is not totally benign. In a study of 42 women (mean age 52 years), they demonstrated that women with de-novo angina, evidence of reversible myocardial perfusion defect on single photon emission computed tomography, and normal coronary angiogram and ED at baseline had increased cardiovascular outcomes and increased incidence of coronary artery disease over a mean follow-up period of 10.3 years.
ED has also been linked as a prognostic factor for the risk of developing hypertension. In a study of 952 normotensive healthy postmenopausal women (mean age 53 years), Rossi et al. [39 •• ] showed that women with ED (reactive hyperemia FMD) had significantly higher incidence of developing hypertension during a mean follow-up period of 3.6 years. Each one-unit decrease of FMD was associated with a significant 16% increase in the multiple-adjusted relative risk of incident hypertension.
Therapy of hypertension-induced endothelial dysfunction
Therapy should be targeted towards treatment of the hypertension and the components that trigger ED.
Antihypertensive therapy seems to improve ED. However, not all antihypertensives have this property. Beta-and aadrenergic blockers seem to have no direct effect on ED [40] , although treatment with the third-generation bblocker carvedilol has been shown to inhibit oxidative stress [20] . Angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and calcium channel blockers have been shown to improve ED in hypertensive patients [40, 41] . Schiffrin et al. [42] demonstrated that crossing over essential hypertension patients from the b-blocker atenolol to the angiotensin 1 receptor antagonist irbesartan resulted in correction of endothelial function. They also demonstrated that treatment with the calcium channel blocker amlodipine improved endothelial function in hypertensive patients, whereas similar good control of BP with the b-blocker atenolol did not [43] . Treatment with the angiotensin-converting enzyme inhibitor lisinopril was previously shown to improve ED [44] .
Another approach is the treatment of the components that trigger ED. Oral treatment with L-arginine, the precursor of NO, has been shown to reduce BP and improve ED [45] . Statins have been shown to improve ED in hypertensive animal models [46 • ], and may improve ED in hypertensive patients with normal cholesterol levels [47] . Long-term treatment with the antioxidant vitamins E and C have not been shown to improve ED in vivo [48 • ].
Conclusions
Hypertension has an important direct effect on the development of ED and thus coronary artery disease. The role of caveolin-1, asymmetric dimethylarginine, and 20 HETE in the pathogenesis of ED in hypertension needs to be explored further, and more insights are likely to emerge from ongoing studies on endothelial cell signaling pathways. Clinical studies have shown so far that antioxidants do not improve ED and clinical outcomes; the reason for that is not fully understood and deserves further evaluation.
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